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Exposure of immature rats to 8°7o oxygen after unilateral carotid artery ligation (UCL) causes 
metabolic, neurochemical and histopathological changes in the ipsilateral forebrain that resemble those 
in human perinatal hypoxic-ischemic encephalopathy. Regional cerebral perfusion in this model was ex- 
amined by visual analysis of India ink trapped in cerebral vessels and measurement of [~*C]iodoan- 
tipyrine ([14C]IAP) and [3H]flunitrazepam extraction into the brain. UCL alone reduced [14C]IAP ac- 
cumulation in the ipsilateral hemisphere by 2007o and hypoxia superimposed on UCL progressively reduc- 
ed ipsilateral hemisphere perfusion by 71070 at 2 h. Hypoxia probably injures neurons in this model by 
causing a critical reduction in cerebral perfusion, an effect which also appears to be important in the 
human disorder. 
Per inata l  asphyxia in h u m a n  infants  damages developing central  neurons  and  
myel in  in a selective fashion [4, 6]. However,  unti l  recently, no reproducible  small 
an imal  model  for this disorder was available [10]. Rice et al. [11] demons t ra ted  that 
in one-week-old rats subjected to uni la teral  c o m m o n  carotid artery l igation,  subse- 
quent  exposure to 8°7o oxygen reliably injures the cerebral hemisphere on the side 
of  l igation.  Hypoxia  or carotid l igat ion alone has no discernable effect. The basal 
gangl ia  (cauda te -pu tamen  and globus pal l idum) on the in jured side are especially 
vulnerable  and  his topathology observed in animals  allowed to mature  resembles 
closely that found  in humans  [7]. Fur thermore ,  acute t ime-dependent  changes in 
energy substrate  [18] and  dopamine  [15] metabol i sm have been correlated with the 
topography  of  in jury ,  making  it possible to examine the biochemical  pathogenesis  
o f  the neurona l  insult .  
To  characterize the mechanism of  in jury  in the preparat ion,  we examined changes 
in cerebral perfus ion dur ing  the hypoxic period. In  contrast  to results f rom similar 
procedures in adult  an imals  [13], we found  that hypoxia  causes a progressive reduc- 
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tion in hemisphere perfusion ipsilateral to the occluded carotid. The mechanism of 
brain injury in the immature rodent replicates pathophysiologic features which ap- 
pear to be important in human perinatal hypoxia-ischemia [17]. 
Seven-day-old rat pups were anesthetized briefly with ether and the right or left 
common carotid artery was ligated. Pups were allowed to recover with the dam for 
2 h and then placed along with sham-operated controls in a humidified 8% oxygen 
balance nitrogen atmosphere inside a warmed glass vessel (37°C) for time intervals 
of 0 to 120 min. For analysis of brain perfusion, the pups were removed quickly 
from the chamber, then either India ink, [14C]iodoantipyrine ([~4C]IAP) or 
[3H]flunitrazepam was injected into the left ventricle of  the heart and pups were kill- 
ed 10 s later. 
Hypoperfusion induced by 30 or 60 rain of hypoxia in the brains of carotid ligated 
pups was grossly obvious after India ink perfusion (Fig. 1). Ink filled vessels sym- 
metrically in normoxic unilaterally ligated animals but sacrifice at intervals during 
hypoxia demonstrated progressive pallor on the occluded side. It is noteworthy that 
at 30 min, pallor was confined to a localized region in the periventricular white mat- 
ter region which is especially vulnerable in human infants [2]. 
To quantitate the perfusion changes during hypoxia, groups of pups were analyz- 
ed after intracardiac injections of [14C]IAP, (49.8 mCi/mmol;  NEN) an established 
marker for blood flow [12] or [3H]flunitrazepam (78 Ci/mmol;  Amersham) a rapid- 
ly extracted compound with characteristics of a 'liquid microsphere' [5]. Conven- 
tional procedures for measuring regional cerebral blood flow require simultaneous 
measurements of brain and arterial concentrations of the extracted markers. 
However, since the circulating blood volume of the rat pup is about 0.6 ml (5% of 
body weight), withdrawal of volumes adequate for sampling would significantly 
lower blood volume and possibly cerebral perfusion. Therefore,  we standardized a 
method using timed, bolus injections. In pilot experiments, 1 ttCi of either tracer, 
dissolved in 50/~1 of water, was injected into the left ventricle of the heart through 
a 26-gauge needle and pups were decapitated at 10-20 s intervals during the follow- 
ing minute. The brains were dissected on ice, and samples of striatum, adjacent 
frontolateral cortex and pons-medulla were removed, weighed and dissolved in NCS 
tissue solubilizer (Amersham). Accumulation of extracted radioactivity was 
measured with liquid scintillation spectrometry, and values were expressed as 
dpm/mg tissue. An early peak for accumulation occurred reproducibly at 10 s after 
the injection of both compounds, so this time interval was chosen for the remaining 
experiments (data not shown). In normal 7-day-old pups the total accumulation and 
regional distribution were similar with both tracers. Brainstem concentrations were 
two-fold higher than those in striatum and frontolateral cortex, as expected for 
blood flow in immature animals [1, 18]. Using this method, hypercarbia (pCOz = 60 
Tort)  doubled the accumulation of [3H]flunitrazepam in the brainstem, striatum 
and cortex of the immature animals (P<0.01 ,  n=5) .  Inter-animal differences 
associated with variation in systemic tracer concentrations could be reduced by 
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Fig. 1. Cross-sections in India ink perfused brains prepared by injecting 0.2 ml India ink (Koh-i-noor) 
into the left ventricle 10 s before sacrifice. Top: 7-day-old pup 3 h after right carotid ligation without 
hypoxia. Middle: pup with right carotid ligation and 30 min of 8°70 oxygen, showing decreased perfusion 
in the right periventricular zone. Bottom: pup with right carotid ligation and exposure to 60 min of 807o 
Oz, showing marked decrease in perfusion throughout the hemisphere on the side of ligation. The control 
selection was cut at a slightly more rostral level than the other two. Calibration bar = 2 mm. 
c a l c u l a t i n g  t h e  r a t i o s  o f  t r a c e r  a c c u m u l a t e d  in  s t r i a t u m  o r  c o r t e x  to  t h a t  in  
b r a i n s t e m ;  in  t h e  r a t ,  t h e  v e r t e b r o - b a s i l a r  a r t e r i e s  s u p p l y  t h e  b r a i n s t e m .  T h e  
s t r i a t u m : b r a i n s t e m  r a t i o  r e m a i n e d  r e l a t i v e l y  c o n s t a n t  (0 .5_+0 .05 )  in  u n t r e a t e d  
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animals or those exposed to hypoxia  without  ligation. Accordingly,  the data were 
normalized with respect to the brainstem tracer extraction in subsequent 
experiments. 
Hypoxic-carot id  ligated pups were studied in this way after 2 h o f  hypoxia  and 
compared  to unoperated,  and unilaterally ligated normoxic  controls  (Table I). For  
[~4C]IAP, the s t r ia tum:brainstem ratios were symmetrical  in unopera ted  controls,  
and unilateral carotid ligation reduced accumulat ion modest ly  on the operated side 
(20% decrease, P <  0.05). The combina t ion  o f  2 h o f  hypoxia  and unilateral carotid 
ligation reduced striatal tracer extraction by 71% compared  with the contralateral  
side, which always remained close to values in unopera ted  controls.  Exposure of  
unopera ted  pups to 2 h o f  8°7o oxygen produced no change in tracer accumulat ion.  
The results for cerebral cortex using [14C]IAP and [3H]flunitrazepam paralleled 
closely the striatal changes (Table I). Therefore,  these quanti tat ive results agree with 
the qualitative India ink perfusion studies in showing that  hypoxia ,  combined with 
carotid ligation, greatly diminishes perfusion in the ipsilateral cerebral hemisphere. 
The t ime-course of  this effect was also studied (Fig. 2). As suggested by the India 
ink injections, hypoxia  superimposed on the carot id ligation caused a gradual reduc- 
tion in isotope accumulat ion on the ligated side, reaching a nadir  at 120 min. The 
reduction in the perfusion occurs earlier than the time required to produce gross 
morphologic  damage.  This occurs between 1 and 1.5 h of  hypoxia  in this prepara- 
t ion [15]. We have also described an abrupt  t ime-dependent increase in striatal 
dopamine  turnover  in this model [15], and this effect also lags behind the reductions 
in perfusion.  
In the adult rat with unilateral carot id ligation exposed to hypoxia  (Levine 
preparat ion)  [9], Salford et al. [13] found  that cerebral b lood  flow increases 
bilaterally - four-fold  on the side opposite ligation, and doubl ing on the side o f  liga- 
TABLE 1 
STRIATUM:BRAINSTEM AND CORTEX:BRAINSTEM RATIOS FOR ACCUMULATION OF 
TRACER IN CONTROL AND TREATED ANIMALS 
RCCL, right common carotid ligation. Values are means +_ S.E.M. *P<0.05, Student's t-test comparing 
values from right and left sides. **P<0.01, Student's t-test comparing values from right and left sides. 
Treatment n Striatum:brainstem ratio Cortex:brainstem ratio 
Left Right l~eft Right 
A: [~4C]iodoantipyrine 
Control 8 0.50 +_ 0.05 0.49 +_ 0.04 0.49 _+ 0.05 0.43 +- 0.02 
RCCL 8 0.46+_0.04 0.37_+_0.05* 0.52_+0.04 0.35_+0.04 
RCCL and 2 h of 8070 02 10 0.48+0.05 0.14+0.02"* 0.54+0.05 0.20_+.0.04 
B: [~H]flunitrazepam 
Control 7 0.5 +0.04 0.42+_0.05 0.49+_(/.06 0.42+_0.06 
RCCL and 2 h of 8070 02 4 0.46+_0.03 0.25+_0.04* 0.51 +_0.01 0.39+_0.05 
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Fig. 2. Time course for accumulation of ['4C]iodoantipyrine in the corpus striatum of hypoxic- 
unilaterally carotid ligated 7-day-old rat pups. One #Ci of isotope was injected into the left ventricle of 
the heart at intervals over the 2 h hypoxic period and the pups were decapitated 10 s later. Results are 
expressed as the ratio of dpm/mg tissue extracted in the striatum to the dpm/mg extracted into the 
brainstem. Values are mean + S.E.M., n = 3-6 except for 120 min where n = 10. Ipsilateral refers to the 
side of ligation and contralateral to the opposite side of the brain. 
t ion.  The p a t h o l o g y  resul t ing f rom this insul t  was a t t r ibu ted  to the  effects o f  
' re la t ive  i schemia ' .  Our  da ta  suggest  that  un i la te ra l  ca ro t id  l iga t ion  and m o d e r a t e  
hypox i a  in i m m a t u r e  rats  cause abso lu te  i schemia  in the l igated hemisphere .  
A l t h o u g h  the smal l  size o f  the pups  p rec luded  accura te  measu remen t  o f  ar ter ia l  con-  
cen t ra t ions  o f  the label led  c o m p o u n d  for  ca lcu la t ion  o f  abso lu te  b l o o d  f low,  the 
un i fo rmi ty  o f  the g r o u p e d  da t a  suggests that  they  p rov ide  a re l iable  es t imate  o f  
reg iona l  per fus ion .  The  fa i lure  of  h y p o x i a  to s t imula te  cerebra l  b l o o d  f low [3] sug- 
gests tha t  react iv i ty  o f  cerebra l  b l o o d  vessels to chemical  fac tors  m a y  be a 
deve lopmen ta l  acquis i t ion  ra ther  than  an intr insic  p r o p e r t y  o f  the vessels. Recent ly ,  
Welsh  [19] r epor ted  tha t  young  adul t  mice exposed  to  ca ro t id  l iga t ion plus 10% ox- 
ygen also deve loped  uni la te ra l  cerebra l  i schemia.  
In  this p r e p a r a t i o n  the pa t t e rn  o f  i schemia  tha t  we de l inea ted  co r r e sponds  well 
to  the d i s t r ibu t ion  o f  h i s t opa tho logy  in an imals  raised to 8 weeks o f  age. The  corpus  
s t r i a tum is a m a j o r  target  a rea  for  la ter  h is to logic  damage  in this mode l  [7] and  our  
presen t  results  suggest  that  the pa tho log ic  les ion can,  at least  in par t ,  be a t t r i bu ted  
to the effects o f  ischemia.  A s imi lar  pa t t e rn  o f  s t r ia tal  in jury  - s ta tus  m a r m o r a t u s  
- has been descr ibed  in a sphyx ia ted  infants .  P r o m i n e n t  per iven t r icu la r  des t ruc t ion  
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[2] as well as cortical lesions in asphyxiated infants has also been ascribed to 
ischemia in vascular watersheds [17]. Thus the blood flow changes in the rat pup 
model reproduce important events in the pathogenesis of brain injury in human 
perinatal asphyxia. The mechanism of  these effects (e.g. vasospasm, brain edema) 
is uncertain. Although the systemic circulation remains relatively stable during the 
experiment [18], systemic hypotension may contribute. Primary depression of 
neuronal activity could also have contributed since flow is generally coupled to 
changes in metabolic demands. However, this explanation is unlikely to account for 
the entire reduction in perfusion because flow changes anteceded other histologic 
and biochemical abnormalities. 
The sequence of events that leads to irreversible neuronal injury has not been well 
defined. Massive increase in intracellular calcium may be the final common pathway 
for cell death [14], and increased calcium entry leading to arterial spasm could also 
play a role in hypoxia-induced ischemia. The infant rat preparation is a useful 
system for exploring these events. 
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